In order to enhance the heat release of nanoparticles silicon, the Si@AP/NC metastable intermixed composites (MICs) Si@AP/NC with varied content of silicon (40%, 60%, and 80%) were designed and prepared by electrospray. Observation by scanning electron microscopy (SEM) has shown that the morphological characterization of those composites was homogeneously mixed. The thermal properties of those MICs were evaluated by means of DSC-TG techniques. Results show that the low-and high-temperature decomposition of AP transitioned from two separated stages to a one-step process. This was mainly caused by the interaction of thin silica on the surface of silicon and perchloric acid. The dependence of activation energy on the conversation rate was obtained by making use of state-of-the-art kinetic procedures. It has been found that decomposition of Si@NC/AP-40 and Si@NC/AP-60 followed the random chain scission model. With the strengthening of active centers of silica, the mechanism of proton migration of AP turned into the growth of the nucleus. The decomposition process of AP started on the surface of the crystal and gradually decomposed steadily as AP decomposition proceeded. Therefore, it is a first-order reaction model for Si@NC/AP-60 and Si@NC/AP-80 in their second-step reaction. Overall, manufacture spherical Si-NPs composites wrapped in polymer though electrostatic spray technology, a novel way of preparing nanoenergetic materials was created. These nanocomposites could be applied normally as fuels in thermobaric explosives or solid propellants.
Introduction
The metal-powered fuel, including nanoparticles of aluminum nanoparticles (Al-NPs) [1] , silicon (Si-NPs) [2] , magnesium (Mg-NPs) [3] , is a class of energetic materials (EMs) with great energy density and high reactivity. These metal particles are usually used as additives of solid propellants or liquid fuels, or as raw materials to prepare intermetallic compounds, thermites [4] , or in lithium-ion batteries [5] . In addition, such metal powders are commonly used as precursor materials for self-propagating reactions (SHS). Silicon powder is a new type of solid fuel, which can be mainly used in the following two ways: (a) it is mixed with oxidant to form nanoenergetic composites, which are used as primary explosives [6] ; (b) it is used in Si-Ta self-propagation system as a precursor for combustion synthesis. Although silicon powder has many advantages, there are still various problems in its application. Firstly, since Si-NPs is easy to be oxidized, the oxide layer may lead to high ignition delay and low combustion efficiency.
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Moreover, silicon powder is poor in dispersibility and processability, and easy to agglomerate in its combustion process [7] .
In order to solve the abovementioned problems, metastable intermixed nanocomposites (MICs) are generally proposed by coating nanometals with organic EMs, especially mixtures containing oxidizers. Because the contact between oxidant and fuel is more intimate, the coated nanometals are not only protected without slow oxidation but also improved in terms of the safety and ignition delay. A detailed review of the current development and preparation methods of the MIC could be found in the literature [8] [9] [10] [11] . Moreover, it has been demonstrated that the coating of nanosized aluminum by biomaterials could greatly enhance the safety and anti-oxidation behavior [12] ; it shows that the results MICs n-Al @PDA/PTFE with a core-shell structure is much better than the one prepared by a simple mechanical mixing method. The new MIC material is formed by bonding of nano-Al powder and poly(tetrafluoroethylene) (PTFE), using polydopamine as the adhesive. Alternatively, except for the inert biomaterials, the nitrocellulose (NC) is considered to be a suitable material for coating, and NC is found to be effective in improving the combustion efficiency of liquid fuels. For instance, the NC has been coated on nano-Al to assemble to form nano-Al-NC composite using electrostatic spray (ES) technique, and this composite was successfully used as liquid fuel additives with greatly improved combustion performances [13] . Young et al. have also used the ES method to fabricate micro-triangle particles by combining nano-Al and NC, where the results materials are used in solid propellants [14] . These metalbased nanocomposites could replace traditional nanometals to improve the combustion efficiency of the propellants.
Therefore, in order to improve the ignition process, various Si-based MICs with better performance have been prepared by an electrostatic spray method in this paper. The siliconcontaining composites Si@AP/NC have been prepared and their thermal reactivity has been evaluated as well. First of all, preparation of NC/AP composites has been done by a simple mechanical method, based on which their heats of combustion were measured by an oxygen bomb; thus, the optimization ratio between NC and AP was obtained. Then, the composite Si@AP/NC with different silicon content was prepared by the ES method, and the thermal decomposition mechanisms and kinetics parameters were investigated by corresponding state-of-the-art kinetic evaluation procedures.
Experimental sections

Materials
NC (with N content of 12.6 wt%) and ammonium perchlorate (AP, 99.5 wt%) were purchased from Xi'an Modern Chemistry Research Institute. The nanoparticle of silicon (100 nm) was purchased from Nan-gong Yingtai Metal Materials Co. Ltd. The acetone was purchased from Beijing Chemical Reagent Company in China and N′, Ndimethylformamide (DMF, 99.5%) was purchased from Tianjin in Fuyu Fine Chemical Co. Ltd. as they were without further purification.
Preparation of precursor solution
AP (oxidizer) and nanosilicon (Si-NPs) were mixed in organic solvents (e.g., Actonel/DMF). Since the AP would easily crystalize, which has strong dispersibility, the adhesion force to the silicon powder is weak. Therefore, NC is used as a binder, after doping the AP nanocrystals; the silicon powder was further coated to form the uniform Si@AP/NC composite. Then, the NC and AP were dissolved in a mixed solvent of acetone and DMF (volume ratio: 1:4, 1:3, 1:2, 2:1, 3:1, 4:1), and the optimal solvent volume ratio of acetone and DMF was found to be 4:1. The detailed steps are as follows: (1) The NC was dried on the oven for 1 h under the temperature of 60°C to remove the moisture. Meanwhile, AP was grinded in a dish with acetone solvent for half an hour; (2) NC was dissolved in the solvent (acetone/DMF = 4:1) and sonicated for 1 h; (3) AP was slowly added to the NC solution and sonicated for 1 h, based on which the homogeneous precursor solution of NC and AP was prepared. Similarly, the Si-NPs were added to the mixture solution of NC/AP, stirred for 8 h magnetically, and the final suspension of NC/AP/Si was prepared.
Fabrication of core-shell Si @AP/NC composites by ES technique
The NC/AP/Si precursor solution was injected into a syringe with an inner diameter of 6.25 mm, through a stainless steel nozzle (22#). At the same time, the injection was carried out at a fixed rate of 0.6 mm min . Between the nozzle and the substrate, the positive voltage (+) was 18 KV and the negative voltage (−) was 2 KV. After the droplets were charged, the droplets repel each other due to the same charge. When the electrostatic force of the droplet was greater than the surface tension and internal viscous force of the spinning solution, the droplet was stretched into a shape of Taylor cone. Next, the solvent with the charge was gradually volatilized to form nanocomposite particles, which eventually was collected on the substrate (aluminum foil). The distance from the nozzle to the substrate was 9 cm. The composite material of Si@AP/ NC, which has a silicon content of 40%, 60%, and 80%, was labeled as Si@AP/NC-40, Si@AP/NC-60, and Si@AP/NC-80, respectively.
Preparation of mechanical mixtures
The suspension solution of NC/AP was poured into a brown bottle and covered with layered filter paper. Then, it was dried in an oven at 60°C for 3 h to solvent-free state. Subsequently, the mixture powder was crushed into fine powder. At a pressure of 2.5 MPa, a cylindrical pellet with a diameter of 10 mm and a height of 12 mm was obtained, which will be used for the heat release of combustion tests in a microcomputer automatic oxygen bomb calorimeter.
Results and discussions
Maximization of the energy content of the AP/NC composite
The heat of explosion measurements under different proportions of NC/AP mixtures were carried out by the mechanical mixing method. The detailed data are listed in Table S1 and plotted in Fig. 1 .
As illustrated in Table S1 and Fig. 1 , when the NC content in the NC/AP composite is 16.7 wt% (NC: AP = 1:5) and 33.4 wt% (1:2), the heat of explosion is relatively higher, where obviously two peaks are shown in Fig. 1 . Interestingly, the three peak values of the exotherms are approximately linearly dependent on the NC content. Furthermore, based on the minimum free energy theory, the relative calculation software has been used to calculate the oxygen balance and oxygen coefficient under different ratios of NC/AP. It is found that the heat release is relatively larger when the ratio of NC/AP is 1:5 or 1:2, respectively. ). Therefore, we primarily carried out ES experiments NC/AP composite with the mass ratio of 1:5. It has been found that the concentration of the precursor solution should be higher under this condition. It may be due to the fact that AP is slightly soluble in acetone. When the mass ratio of NC to AP is 1:5, the content of AP is too high to be completely dissolved in NC-acetone solution. The undissolved NC and AP would be deposited in the syringe, which leads to incapable of further injecting. Therefore, we prepared the Si@AP/ NC micro-composites with the NC/AP ratio of 1:2.
Effect of solvent ratio on morphology of AP/NC nanocomposites
The solvent plays an important role in the ES preparation process. In order to obtain the optimal solvent ratio, the effect of different solvent ratios on the structure of NC/AP composites has been studied first. The morphologies of NC/AP composites prepared under different solvent ratios are shown in Fig. 2 .
It can be seen from Fig. 2a-c , that when the acetone content is low, some AP crystals would precipitate and separate from the NC matrix. The reason is that the solubility of AP in acetone is very low, and also acetone evaporates fast. In comparison, AP would completely dissolve in the NC solution with the increase of the acetone content. Then, a uniform composite material of NC and AP would be formed, which looks like a homogeneous co-crystal. The shape of the NC/AP composite would be various from irregular shape to flake-like, or even to form a hollow-shaped structure depending on the ratio of the solvents, where the size of hollowed NC/AP particles is about 10 μm. With the increase of acetone to a certain level, the AP would be completely dissolved. Once the content of acetone is excessive, the DMF content should be slightly reduced. Because acetone is evaporating very fast during ES spraying, the mixture solvent of acetone and DMF could not press the particles completely due to inadequate surface tension force. Therefore, the optimized volume ratio of acetone and DMF is eventually found to be 4:1.
Effect of solvent concentration on morphology of Si@AP/NC nanocomposites
In order to obtain optimized concentration for the solution to obtain the spherical particles of Si@AP/NC nanocomposites, the morphology of Si@AP/NC nanocomposites with different Fig. 1 The dependence of heat of explosion from NC/AP composites on the NC content precursor concentrations was studied according to the literature [15] , and the result is shown in Fig. S1 .
As illustrated in Fig. S1 , there is not much difference between products prepared from two kinds of concentrations, seen in Fig Therefore, to get better morphology and homogeneity for the resulted composite particles with different silicon contents, they should be prepared at a concentration of 0.02 g ml −1
.
Effect of different silicon content on morphology of Si@AP/NC nanocomposites
It can be seen from Fig. 3a and b that when the silicon content was 40%, the concentration of the precursor solution is relatively small and some fiber is shown in Fig. 3a . It can be speculated that the collected particles are almost a pure mixture of NC and AP, and the silicon is not well coated by the NC/AP composite during the fabrication by ES technique. From Fig. 3c and d, it can be seen that the composite particles are plump and the nano-silica powder is dispersed on the surface with less fibers. When the silicon content is 80%, it can be seen from Fig. 3e that the obtained composite particles are of better spherical shape and more compacted. It can be seen from Fig. 3f that the mechanically mixed composite would easily be clustered/aggregated in comparison to the composites prepared by the ES.
Mass loss properties of AP/NC and Si@AP/NC nanocomposites
The TG/DTG curves of NC/AP composite with the NC/AP ratio of 1:2 and 1:5 are shown in Fig. 4 .
It can be seen from Fig. 4 that the decomposition mechanism of Si@AP/NC is very similar under different NC/AP ratios (1:2 and 1:5). It can also be seen that the decomposition process of NC/AP could be divided into two stages. The first mass loss stage is mainly due to decomposition of NC [16] , and the second stage corresponds to decomposition of AP [17] . Obviously, there are no significant differences in the peak temperature of NC with different content of AP. However, as the AP content increases, the second exothermic peak has been increased by 9.1°C from 363.1 to 372.2°C. This indicates that the condensed products of NC may have a certain catalytic effect on the decomposition of AP. In addition, the initial sharper exothermic peaks in Fig. 4 indicates that a uniform molecular-level complex is formed between NC and AP, and the AP/NC composite behaves like a homogeneous energetic material with zero-oxygen balance. Under higher heating rates, the exothermic reaction of AP/NC composite is in one step, which occurred much more rapidly than any of the single component.
In order to compare the performance of Si@AP/NC and NC/AP, their TG/DTG curves under different heating rates are shown in Fig. 5 and Fig. S2 . In addition, the Fig. S3 presents the TG/DTG curves of Si@NC/AP with different silicon contents.
As shown in Fig. 5 , when the silicon content is 40%, a sharp exothermic peak appears even under a lower heating rate. The dilution effect of silicon powder on the NC/AP composite should be much smaller than its catalytic effect. At this time, the composite NC/AP could be easily overheated with much more hot spot formations, so that a runaway chemical reaction occurs ended with the ignition phenomenon under the catalysis of silicon. It could be observed in Fig. S2 that there is also a runaway chemical reaction due to the self-catalysis and fast heat accumulation effects in bulk Si@AP/NC-60 sample if the heating rate is over 10°C min −1 . When the silicon content is 80%, there are two steps shown in its TG curve that correspond to two exothermic peaks on the DTG curve ( Fig. 5 and Fig. S3 ). This is due to the content of the NC/AP composite, which is reduced as the silicon content increases so that the heat generation is smaller while the dispersion could be much better. The localized overheating phenomenon is significantly reduced so that the runaway chemical reaction does not occur at any heating rate attempted. In order to make a better quantitative comparison, the characteristic parameters of these TG/DTG curves of composites Si@AP/NC are listed in Table 1 and Table S2 . As shown in Table 1 , in case of Si@AP/NC-40, it is obvious that the first mass loss step (67.8%) is much larger than the second one (7.9%) due to the dominant runaway chemical reaction (or even ignition). Nevertheless, in the case of Si@AP/NC-60 and Si@AP/NC-80, the second-step mass loss ratio is about twice of the first one. This is consistent with the original design that the AP/NC ratio in the composite (1:2). The slightly higher mass loss from the second step is probably because the condensed products of NC such as hydrocarbon skeleton during the first stage could further react with silica, which leads to the decrease of the final residue. In addition, as it can be seen from Table 1 , with the increase of silicon content, the initial decomposition temperature (T i ) of Si@AP/NC-40 is very sensitive on the silicon content, which changes from 149.7°C at silicon of 40% to 172.5°C at silicon of 80%. It indicates that the composites become more and more stable with the increase of silicon content. The stabilization effect of Si on NC/AP is due to improvement in the thermal conductivity and a corresponding reduction in the probability of a local hot spot formation. During the second steps of Si@AP/NC-40, Si@AP/NC-60, and Si@AP/NC-80 decomposition, the lowtemperature decomposition of AP was decreased from the original 322.7 to 258.4°C, 265.6°C, and 265.4°C, respectively. However, the second peak temperature of these composite is very close, which might correspond to the main decomposition process of AP.
Furthermore, as shown in Table S2 , the residue of Si@AP/ NC increases gradually with the increase of silicon content. There is very little silicon included and so that a small amount of the silica on the surface would participate in the reaction. Most of the silica shell is retained in the NC/AP-condensed products. However, although decomposition of NC/AP becomes more complete as silica content increase, the reduction of NC/AP is not sufficient to compensate for a large increase in silica content. Furthermore, as illustrated in Table S2 , the 
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Heat flow properties and thermal reactivity of AP/NC and Si@AP/NC nanocomposite
For a further study of the thermal decomposition mechanism of the Si@AP/NC nanocomposite, Fig. 6 shows the DSC curves of both composite NC/AP and Si@AP/NC at a heating rate of 5°C min
, with the parameters listed in Table 2 . In addition, the DSC curves under different heating rates (5, 10, 15, 20°C min −1 ) are shown in Fig. S4 . The DSC curves of Si@AP/NC with different Si contents are shown in Fig. S5 with the parameters summarized in Table S3 .
As can be seen from Fig. 6a , the thermal decomposition mechanism of NC/AP composite does not depend on their ratio. Two sharp exothermic peaks (212.5°C and 362.8°C) appear on the DSC curves, which are partially overlapped with each other. This indicates that there are two major decomposition reactions for thermolysis of NC/AP composite. It is well-established that the exothermic peak of pure NC is about 206.9°C at the same heating rate [16] , and there are one endothermic peak and two exothermic peaks for AP. The endothermic peak at 244°C corresponds to the phase transition of AP crystal from orthorhombic to cubic. In addition, the peaks at 322.7°C and 477.2°C are due to the low-temperature decomposition and the high-temperature decomposition for AP [17] . Therefore, it could be inferred from Fig. 6a that the peak temperature of 212.5°C was due to exothermic decomposition of NC. Meanwhile, the low-temperature T o , the onset temperature; T p , the peak temperature; ΔH, heat releases; ΔT, temperature differences between the first exothermic peaks with and without additives; P-M, preparation method of the catalysts; UDD, nano-diamonds; Superscript: a, the heat is for two peaks after exclusion of the heat release from the catalysts, whereas the others correspond to the first exothermic peaks decomposition peak of the AP was increased from 322.7 to 293.3°C (for NC/AP = 1:5) and 310.0°C (for NC/AP = 1:2), respectively. The high-temperature decomposition peak has been decreased from 477.2 to 362.8°C due to the strong interaction between the condensed products of NC with perchlorate acid as the major decomposition product of lowtemperature decomposition of AP. As shown in Fig. 6a and b, the decomposition mechanisms of NC and AP have been greatly changed by silica. Let us pay attention to the Si@AP/NC-40 first, as illustrated in Fig. 6b , the composite mainly undergoes a one-step decomposition reaction with a sharp exothermic peak at 151.8°C and the second step of the reaction is very weak. This is consistent with the DTG data shown in Table 2 , where the decomposition rate of the first step (4.355% min
) for Si@AP/NC is much higher than the second one (0.01% min −1 ). Moreover, the half-peak width value (T p -T o ) of the first step of Si@AP/NC-40 is 2.8, which is much smaller than that of Si@AP/NC-60 and Si@AP/NC-80. A rapid decomposition reaction has occurred due to autocatalysis self-ignition as mentioned above, showing a sharp exothermic peak at 151.8°C on its DSC curve (Fig. 6) .
Moreover, it could be observed in Fig. S4 that composite Si@AP/NC-40 undergoes a runaway ignition reaction as the heating rate is higher than 10°C min . This is mainly because the catalysis of silica largely accelerates the decomposition rate of NC and AP, whereas the heat accumulation is high at higher heating rate. It is well-known that most of the transition metals have a strong catalytic effect [18] [19] [20] [21] on decomposition of AP. As the increase of silicon content, the thermal decomposition behavior of Si@AP/NC-40 and Si@AP/NC-60 is similar, and the exothermic peaks of NC are earlier from 206.88 to 184.7°C and 179.8°C respectively. At this time, the low-and high-temperature exothermic peak of AP have been merged into one peak with peak temperature of 264.6°C and 272.3°C, respectively.
In terms of heat releases, as summarized in Table 2 , it is 2607.5 J g ). This is due to the oxygen balance of NC/AP is closer to zero, which may release much more energy than pristine AP decomposition in an inert atmosphere. In addition, as shown in Table 2 , the ΔT value of Si@AP/NC-40, Si@AP/ NC-60, and Si@AP/NC-60 is 1-3× higher than those parameters reported in literatures [22, 23] , which indicates that the catalytic decomposition of silica powder on AP is also much greater than that of pure metals such as Cu and Ni. For Si@AP/NC-60 and Si@AP/NC-80, the heat release of the second step accounts for 90.7% and 86.9% of the overall reaction, respectively. It is in good agreement with TG experiment (Table 1) , where the residues of Si@AP/NC-60 and Si@AP/NC-80 are about 74.0% and 76.4% after the complete decomposition reaction. It reveals that the second-step reactions are more decisive than the first one. The increased heat release is mainly derived from the oxidation reaction during the second step, where the residual hydrocarbon would react with silica shell on the surface of silicon. Meanwhile, the perchlorate acid from the low-temperature decomposition of AP may be catalyzed to decompose earlier at a lower temperature. It has been proved by the DSC results, that low-and high-temperature decomposition peak of AP could be merged (Fig. 6b) , which is in good agreement with the literature on catalytic effect on AP [24] .
3.5 Solid-state reaction kinetics of Si@AP/NC nanocomposites 3.5.1 Activation energy of the major reaction steps A solid-state decomposition kinetics can be described completely by activation energy (E a ), pre-exponential factor (A), and the kinetic model function f (α) [25, 26] . The isoconversional kinetic analysis method is proposed for the studying of single-step reactions [25, 26] . The Kissinger method usually only considers the peak temperature rather than the whole reaction process, even the values of E a and A could be obtained straightforwardly by this method.
However, there are a number of restrictions on the use of the Kissinger method. One limitation is from the insufficiency assumption of this method. In addition, the original Kissinger method did not provide any information in terms of E a on the degree of conversion α [27] . Instead, the Kissinger method produces a single value of E a for any process regardless of its practical multi-step kinetic complexity [27] . In order to better understand the whole decomposition process, therefore, an isoconversional method is usually suggested to back up the accuracy of the Kissinger evaluation and explore the E a dependence. However, this model is just correct for non-overlapping process or well-separated processes [25] . Thus, overlapped peaks of Si@AP/NC on DSC curves should be separated, which corresponding separated peaks and kinetic parameters by the Kissinger method are listed in Table 3 . The detailed deconvolution technique can be found in the literature [25] .
As shown in Table 3 , the decomposition of Si@AP/NC-40 is a one-step exothermic reaction, and the E a calculated by the Kissinger method is 70. , respectively, which are 33.6 kJ mol −1 and 86.2 kJ mol −1 lower than E a of pure NC (193 kJ mol −1 )
[28]. As mentioned above, the first-step thermal reaction of composite Si@AP/NC mainly corresponds to NC decomposition. Therefore, it indicates that the presence of Si could increase the reactivity of Si@AP/NC. In addition, it has been shown in Table 3 that the separated peaks could be fitted well with a high-correlation coefficient (R > 0.9). This means a single kinetic triplet could be used to describe each separated process. Some of the kinetic models have been applied for evacuating the complex multi-step reactions, especially when the reaction process obeys an nth-order model. Herein, both the model-free Friedman method [29, 30] and model-based combined kinetic method [31] are used for obtaining the value of E a . The corresponding kinetic parameters are listed in Table 4 .
As shown in Table 4 , the kinetic parameters obtained by the Kissinger method are quite different from the Friedman and combined kinetic method. Since the Kissinger method only considers peaks value regardless of the overall reaction mechanism, which is mainly aimed at dominant chemical reactions with the maximum reaction rate. Under the catalytic effect of silica, the decomposition reaction of AP/NC becomes more complicated, which for sure cannot be described by a single physical model. So the combined kinetic method used herein is more reliable, which takes into account the real physical model. According to the literature, the value of E a for NC decomposition is about 193 kJ mol −1 [28] . It can be seen from Table 4 that the overall oxygen balance of the AP/NC composite is close to zero and the ignition energy barrier has been greatly reduced by use of silicon. Therefore, the E a of Si@AP/ NC-60 (159.4 kJ mol ), if it was calculated by the Kissinger method. Moreover, it could be observed from Table 4 that the E a (combined kinetic method) of the first and second exothermic processes of pure AP is about 135.6 kJ mol . In case of Si@AP/NC-40, the runaway chemical reaction occurs under all heating rate, and therefore, the E a obtained herein corresponds to the energy barrier for ignition, which is very low (81.8 kJ mol ) is higher than the first decomposition step of the pure AP (135.6 kJ mol
−1
). This indicates that the reaction barrier of one-step decomposition of AP in energetic composite Si@AP/NC-60 is greater than that of the low-temperature decomposition of pure AP. In addition, the E a of the first-step decomposition of Si@AP/NC-80 (98.3 kJ mol ). In addition, as illustrated in Table 4 , the data obtained by the Kissinger method and Friedman method show the same tendency.
Furthermore, it can be seen in Table 4 , as for the second exothermic peak corresponding to AP decomposition, the E a of Si@AP/NC-60 is 157 kJ mol . Obviously, the E a of the second-step decomposition of Si@AP/NC-60 is as higher. This indicates that silicon nanopowder has a much weaker catalytic effect on AP than the transition metal complexes of triaminoguanidine (TAG).
Dependence of activation energy on conversion rate
To some extent, the reaction mechanism could be described by a significant variation of E a with α. Therefore, it is clear (Fig. S6 ) that the Si@AP/NC underwent a single-step complex decomposition reaction, whereas the decomposition of Si@AP/NC-60 and Si@AP/NC-80 includes overlapped two-step reactions. Based on the aforementioned analysis, the decomposition E a of the involved Si@AP/NC composite as a function of α using DSC as the data sources for calculations are plotted in Fig. 7 .
From Fig. 7a and b, it could be inferred that when in the range of α = 0-0.2, the E a of Si@NC/AP-40 decrease rapidly first and then it slowly decreases until the end of the reaction. In comparison, the E a of Si@AP/NC-60 slowly decreases throughout the reaction process. It indicates that the autocatalytic reaction of NC is dominant in the overall procedure. For the Si@AP/NC-80, the autocatalytic effect of NC is not dominant simply because the content of NC is much lower in this composite. The E a of Si@AP/NC-80 is much less dependent on the conversion rate α, which is about 100 kJ mol −1 throughout the decomposition reaction, as shown in Fig. 7a .
It can be seen from Fig. 7b that the E a of Si@AP/NC-60 and Si@AP/NC-80 are close with each other for the second exothermic process, where it decreases gradually with the proceeding of reaction. The second-step thermal decomposition of Si@AP/NC is dominated by catalytic decomposition of AP in presence of condensed products of NC and silica. Therefore, combined with the TG/DTG and DSC analyses above, it can be inferred that both residues from NC and Si powder might have an influence on the decomposition of AP. However, as shown in Fig. 7b that E a of Si@AP/NC-60 and Si@AP/NC-80 vary slightly with α. This result reveals that the content of silicon powder has little effect on the decomposition of AP.
Physical models of the rate-limiting reaction steps
In order to check the inherent mechanisms relevant to the effects of these composites, their physical models of decomposition are determined. The normalized curves of the obtained physical models for decomposition of Si@AP/NC-40, Si@AP/NC-60, and Si@AP/NC-80 composites with the ideal models are compared in Fig. 8 . It has been shown that the first-step reactions of Si@AP/NC-40 and Si@AP/NC-60 mainly follow the random chain scission model [32, 33] . It is reasonable since the silicon content in these composites is relatively low and scission of NC chains played a decisive role in this step. In addition, the first decomposition stage of Si@AP/NC-80 gradually shifts to the two-dimensional growth of nuclei model (A2), which means the Si-NPs with silica shell as the active catalytic sites are significantly increased and NC begins to decompose on these active sites. The reaction rate would not be controlled by the scission of Fig. 7 The dependence of E a on conversion rate for one or. two-step decomposition of Si@AP/NC NC chains but by a number of effective catalytic sites of SiNPs, which is consistent with the DSC analysis above.
As shown in Fig. 8b , the second decomposition steps of Si@AP/NC-60 and Si@AP/NC-80 almost follow the firstorder chemical reaction model (F1 model). However, in the conversion range of α = 0-0.2, the decomposition reaction mechanisms of Si@AP/NC-60 and Si@AP/NC-80 do not follow the F1 model. During the very initial step of reaction, the interaction among the ingredients is very complicated, so that the overall decomposition reaction does not follow any ideal model. With the reaction goes on (α > 0.2), the rest of AP decomposes steadily after complete phase transition, which follows a first-order reaction model.
Conclusions
The core-shell Si@AP/NC-40, Si@AP/NC-60, and Si@AP/ NC-80 composites have been successfully prepared by ES, and the thermal decomposition mechanism and kinetic parameters of Si@AP/NC have been investigated by DSC-TG synchronous analyzer. The conclusions are as follows:
(1) The homogeneous NC/AP with optimized heat release (the heat of explosion is over 6400 J g −1
, even higher than the best explosive CL-20) are designed and prepared by the electrospray method. Though TG/DTG curves, results show that there are no significant differences in the peak temperature of NC with different content of AP. In addition to the overlapped two sharp peaks, the second exothermic peak on the DTG curve has been increased 9.1°C from the 363.1 to 372.2°C as the AP content increases.
(2) The residue of Si@AP/NC-80 depends greatly on heating rate, but Si@AP/NC-40 and Si@AP/NC-60 are less dependent on the heating rate. Meanwhile, it is indicated that the dependence of the initial decomposition temperature on the heating rate for composites Si@AP/ NC are not evidence. However, it is found that the residue of composite Si@AP/NC increases gradually with the increase of silicon content due to the stabilization effect of Si. Results also show that low-and hightemperature decomposition peak of AP is merged into one single peak during the decomposition process of composite Si@AP/NC-60 and Si@AP/NC-80 in DSC curves. ). In addition, the E a value of the second step of Si@AP/NC-60 (157.0 kJ mol −1 ) is higher than the first-step decomposition of the pure AP (135.6 kJ mol 
